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ABSTRACT 
 
This master thesis deals with the investigation to excite the conducting cylinder of 
rocket chassis using slots. The theory of characteristic mode (TCM) is used to find 
the resonance modes of the cylinder. The model of conducting cylinder is designed 
and simulated in FEKO software to obtain the resonance modes. Furthermore, the 
cylinder with two selected modes excitation are designed and simulated in CST 
software. The excitation of the modes are achieved by mounting the H-shaped 
slots on the cylinder at the specific location where the maximum currents 
distribution taken place. Due to the reactive of load impedance, the L-matching 
networks and transmission line using coaxial cable are utilized to match it to the 
input impedance. Finally, the proposed concept are verified by manufacturing and 
measurement. It is shown that the results of measurement are in excellent 
agreement with the simulation. Hence, it is confirmed that in this research, the 
proposed idea is successfully designed and implemented.     
 
Index Terms: Conducting cylinder, rocket chassis, theory of characteristic modes 
(TCM), H-shaped slots, excitation of modes, L-matching networks, coaxial cable. 
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Chapter 1 
INTRODUCTION  
 
 
Nowadays, research in the antennas field continues to grow. The development of antennas for 
communication system of rocket becomes interesting part in this field. The performance of 
antennas for rocket is really important to ensure that transmission of telemetry data from the 
rocket can reach the ground stations. However, the antennas should not disturb aerodynamics 
of rocket. Therefore, different kind of antennas for rocket application have been investigated 
in several research. The detailed explanation respecting to aerodynamic analysis is out of the 
scope of this research. Despite of mounting antennas on the rockets body, it is a good idea to 
excite the rocket chassis itself acting as an effective radiator. The inspiration comes from the 
technology of mobile phone which utilizes the chassis of its PCB as antenna. The rocket chassis 
which is made from steel is a perfectly conducting material. The theory of characteristic mode 
(TCM) can be used to find the resonance modes of the cylinder of rocket. The modes have 
orthogonal radiation patterns which is good for the tracking system. The tracking of rocket 
sometime require the use of several radio frequencies of transmitter/transponder. By using 
several orthogonal modes for excitation of chassis rocket, the tracking of rocket from different 
ground stations can be performed.  
 
The theory of characteristic modes is developed by Garbacz [1] and refined by Harrington and 
Mautz [2]. Characteristic modes theory is utilized to obtain the radiating modes of arbitrarily 
shaped perfectly conducting (PEC) material. The conducting material is associated with the 
scattering of characteristic currents on the surface of its body. Characteristic currents radiates 
the characteristic electric fields into the free space. There is a phase lag between the 
characteristic currents and characteristic fields called characteristic angle that indicates the 
resonant frequency of each mode [3]. 
 
In this master thesis, the model of rocket of conducting cylinder is designed. FEKO software [4] 
is used to obtain the characteristic modes of the conducting cylinder. The modes that can be 
effectively used for radiation are determined. Also, the way of how to excite them are 
investigated. Furthermore, the excitation of modes are conducted by utilizing the inductive 
coupling elements. The excitation is implemented by mounting the H-shaped slots on the 
cylinder to excite the modes. The H-shaped slots are designed with regard to obtain high real 
part impedance of cylinder. The cylinder with the mounted slots is designed and simulated in 
CST software [5]. After that, the matching network for each mode are designed to match the 
input impedance of cylinder to 50 ohm. Several schemes of L-matching network that can be 
used for matching are investigated. Furthermore, the simulation results are evaluated and 
optimized. Finally, the proposed design is verified by the fabrication and measurement. 
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Chapter 2 
The Theory of Characteristic Modes 
 
 
The characteristic modes can be defined as a method to characterize the surface current and 
radiated fields behavior of the conducting bodies of arbitrary shapes. The characteristic modes 
can be described into the following eigenvalues λn equation [2]: 
𝐗 (𝑱n)  =  λn𝐑(𝑱n)  
Where 𝑱n  are the characteristic currents or eigencurrents and n is the order index of each 
mode. 𝑱n  and λn  should be real since both R and X are the real symmetric operators. The 
characteristic currents have to be orthogonal to each other that is discussed in [2] and [3]. 
Furthermore, R and X represent the real and imaginary parts of the impedance matrix Z, 
respectively, those are given by [2]: 
 
𝐙 =  𝐑 + j𝐗 
 
The  characteristic currents 𝑱n on the surface of a PEC body only depend on its size and shape 
and not on any specific excitation [6].  
 
The eigencurrents on the surface of conducting body produce electric fields which is called 
characteristic fields or eigenfields 𝑬𝑛. This characteristic fields have orthogonality relationships  
which is reduced to the following equation [2]: 
 
𝜔 ∭(𝜇𝑯𝑚 ∙ 𝑯𝑛
∗ − 𝜀𝑬𝑚 ∙ 𝑬𝑛
∗) 𝑑𝜏 = 𝜆𝑛𝛿𝑚𝑛 
  
Where 𝑯𝑛 is the magnetic fields produced by the currents, 𝜔 is the resonant frequency, 𝛿𝑚𝑛is 
the Kronecker delta (0 for 𝑚 ≠ 𝑛, and 1 for 𝑚 = 𝑛), μ and ε are permeability and permittivity 
of free space, respectively. 
 
Equation (4) defines that the difference between magnetic and electric field energy in radiation 
is comparable to the eigenvalues magnitude. It is the way to show the associated mode that is 
near resonance. In the case of 𝜆𝑛 = 0, most of field energy are radiated and it indicates that 
the associated modes are the resonant modes. In the case of 𝜆𝑛 > 0, the stored energy of 
magnetic field greater than the electric field and it indicates that the associated modes are the 
inductive modes. In the case of 𝜆𝑛 < 0, the stored energy of electric field greater than the 
magnetic field and it indicates that the associated modes are the capacitive modes [3]. 
 
There exist a phase lag between the current 𝑱𝑛  and tangential electrical field 𝑬𝑛
𝑡𝑎𝑛  on PEC 
surface that known as characteristic angle 𝛼𝑛 and defined by [3]: 
 
𝛼𝑛 = 180° − tan
−1 𝜆𝑛 
 
The characteristic angle is determined from the associated of eigenvalue. The characteristic 
angle that varies with frequency describe the radiation or scattering ability of the associated 
(1) 
(2) 
(4) 
(5) 
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mode. The characteristic angle information can be used to determine which modes can be used 
for radiation and excitation.  
 
The characteristic angles varies in the range 90° to 270°. Corresponding to the characteristic 
modes, the variation of the characteristic angles are used to describe the resonant behavior of 
each modes. In the case of 𝛼𝑛 = 180°, the mode is a good radiator and it indicates that the 
associated modes are resonant modes. In the case of 𝛼𝑛 = 90° − 180° , the mode mainly 
stores magnetic field energy and it indicates that the associated modes are inductive modes. 
In the case of 𝛼𝑛 = 180° − 270°, the mode mainly stores electric field energy and it indicates 
that the associated modes are capacitive modes [3]. 
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Chapter 3 
The Characteristic Modes of Conducting 
Cylinder 
  
 
In this master thesis, the characteristic modes of metallic cylinder are computed by using FEKO 
software. For simulation purposes, the models of rocket cylinder from PEC are designed. The 
design of conducting cylinder is derived from a pipe with the length, L = 1 m, and diameter, d = 
0.1 m.  
 
3.1 The Characteristic Modes Simulation of Cylinder  
 
Simulation results show that conducting cylinder has two modes that are good for excitation, 
i.e., modes 1 and 7. The modes have characteristic currents that behave like a dipole as 
depicted in Fig 1.  
 
  
a) Current distribution of mode 1 b) Electric fields of mode 1 
  
c) Current distribution of mode 7 d) Electric fields of mode 7 
Fig. 1. Characteristic modes of the conducting cylinder with diameter 0.1 m and length 1 m 
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The characteristic currents of mode 1 describes the current distribution of a half wavelength 
dipole with the maximum currents at the centre of cylinder as shown in Fig. 1a. While the 
characteristic currents of mode 7 represent the current distribution of one wavelength dipole 
with the two specific maximum current at the surface of cylinder as shown in Fig. 1c. 
 
The electric currents on the surface of conducting cylinder produce the electric fields of 
excitation modes. There are different distributions of the electric current between two modes 
that generates different radiation pattern of electric fields. Mode 1 has maximum current 
distribution in one direction along the cylinder surface radiating the characteristic fields 
representing omnidirectional radiation pattern as shown in Fig. 1b. On the contrary, since the 
electric currents flowing in the two opposite directions, mode 7 has different radiation pattern 
as depicted in Fig. 1d.  
 
Fig. 2 shows the characteristic modes for conducting cylinder with d = 0.1 m and L = 1 m. It 
presents the variation of the characteristic angles with frequency. When the characteristic 
angles close to 180°, it is indicates that the associated modes are resonant modes.  From 10 
computed of characteristic modes, there are five modes that have resonant mode, i.e., mode 
indexes 1, 2, 3, 7, and 9.  
 
It can be seen from the Fig. 2 that modes 1 and 7 resonate at frequency 126 MHz and 285 MHz, 
respectively. It should be noted that since the cylinder behaves as a dipole, if the length of 
cylinder is equal to a half wavelength, e.g., 𝜆/2 = 1 m, the resonant frequency of mode 1 should 
be 150 MHz. However, this is the resonant frequency for thin dipole. Since the conducting 
cylinder describing a thick dipole, therefore mode 1 resonates at the lower frequency. On the 
other hand, the resonant frequency of mode 7 represents the resonant frequency of one 
wavelength dipole. Hence, if the length of cylinder is equal to one wavelength, e.g., 𝜆 = 1 m, 
the resonant frequency should be 300 MHz. Similar to the case of mode 1, since the cylinder is 
thicker than a dipole, therefore mode 7 has lower resonant frequency.  
 
There are three other modes that also have resonances. Mode indexes 2 and 3 resonate at the 
same frequency 872 MHz and mode index 9 resonates at 841 MHz. These characteristic modes 
can be seen in the appendix (Ap. 4 – 6). The modes have several maximum currents distribution 
at specific location and have radiation pattern with many sidelobes showing the directivity of 
cylinder at higher frequencies. The other modes do not resonate and present either inductive 
or capacitive behavior in the range frequency of 100 MHz – 1 GHz.  
 
Between five resonance modes, modes 1 and 7 have characteristic modes that can be excited 
more effectively. Therefore, in this master thesis, the details investigation is performed only 
for these two selected resonance modes. 
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Fig. 2. Variation of the characteristic angle with frequency, for the first ten characteristic modes of the 
conducting cylinder with diameter 0.1 m and length 1 m. 
 
 
 
It is explained from [7] that the eigencurrents 𝑱n can be excited more effectively near their 
resonant frequencies. The current distribution of each characteristic modes has the maximum 
and minimum at specific locations. Since having different phase 180°, the minimum of electric 
field distribution will be located at the maximum of current distribution. Hence, the use of 
inductive coupler at the maximum of current distribution can excite the characteristic modes. 
 
The characteristic current of mode 1 flows in one direction from the upper cylinder to the lower 
cylinder with its maximum current at the centre of cylinder. In this case, the mode 1 can be 
excited by inductive coupler at the centre of cylinder. The characteristic current of mode 7 flow 
in two opposite direction with two specific maximum current at the surface of cylinder. In this 
case, the mode can be excited by two inductive coupler in the specific location where the 
currents are maximum with different phase 180° respectively.  
 
 
 
 
Mode 1 Mode 7 
2 
 
 
7 
 
3.2 The Characteristic Modes of Different Thickness of Cylinder  
The simulation of TCM is performed for open cylinder (with hole) and closed cylinder (without 
hole) with d = 0.1 m and L = 1 m, to show the difference between these two structures. The 
cylinder with the hole excite 5 resonance modes, while the closed cylinder excite only two 
resonance modes, i.e. modes 1 and 7, that resonate at frequency 123 MHz and 277 MHz. The 
characteristic modes of closed cylinder are shown in the appendix (Ap. 1 – 3) 
 
The characteristic modes of closed cylinder structure have similar resonant behavior with the 
same indexes from open cylinder structure. Nevertheless, the open cylinder structure compute 
more different modes than the closed cylinder structure. There exist internal resonances, 
inside the cylinder, which can affect the number of available modes. This computation shows 
that cylinder with length 1m and diameter 0.1 m has two effective resonance modes that can 
be excited, without concerning the thickness of structure. In the following chapter, only two 
modes from the open cylinder structure that are investigated. 
 
 
3.3 The Characteristic Modes of Different Ratio of Open Cylinder 
The simulation for open cylinder is conducted in several diameter, i.e., 0.1, 0.2, and 0.3 m, for 
the same length 1 m. Therefore, it can be analyzed how is the characteristic modes behavior 
for the different diameter of cylinder. In each simulation, only the first ten characteristic modes 
are considered. 
 
The open cylinder with d = 0.2 m and L = 1 m has five resonant modes. Modes indexes 1, 8 and 
9 resonates at frequency 134 MHz, 448 MHz, and 449 MHz, respectively. While mode indexes 
2 and 3 resonate at the same frequency 414 MHz. Mode 1 has similar characteristic currents 
with the same mode of open cylinder with diameter 0.1 m, also the characteristic fields are the 
same. However, the other modes are different that they represent the resonant frequency of 
1.5 wavelength dipole. The currents distribution have more specific positions of maximum 
current and hence they have radiation pattern with several lobes. These modes can be seen in 
the appendix (Ap. 7 – 12) for more details. 
The characteristic modes of closed cylinder with d = 0.3 m and L = 1 m has four resonant modes. 
Mode indexes 2 and 3 resonate at frequency 287 MHz, while mode indexes 7 and 8 resonate 
at frequency 321 MHz. The modes describe one wavelength and 1.25 wavelength resonant 
mode with slightly different current distribution. The modes are shown in the appendix (Ap. 13 
– 17). 
Based on the investigation, the differences of diameter of cylinder perform different 
characteristic modes. Also, the resonant frequency of each mode is different. Note that each 
mode should be excited in the different ways depend on its current distribution. In addition, 
the coupler is put at the maximum current position of each mode. 
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3.4 Quality Factor 
 
A quality factor is a parameter that can be used to measure a broadband behavior of the 
scatterer, in order to know the bandwidth potential of each modes. The quality factor 𝑄𝑛 of 
resonant modes is defined as [8]: 
 
𝑄𝑛 = 𝜔
𝜕𝜆
𝜕𝜔
 (6) 
 
where 𝜕𝜔 is bandwidth of resonant frequency and 𝜕𝜆 is eigenvalue width.  
The calculations of quality factor for each mode of the cylinder with diameter 0.1 m and length 
1 m are shown in Table 3. Note that quality factor contributes to the scattered field and 
describes the scatterer type [8]. The resonant modes with lower  𝑄𝑛 in the case of modes 1, 7, 
and 9 indicate the broadband scatterer. While higher 𝑄𝑛 in the case of modes 2 and 3 indicate 
the narrowband scatterer. From point of view the quality factor, modes 1 and 7 of this cylinder 
have broadband of range frequency that are good to be excited.  
 
Table 3. Quality factor of characteristic modes 
 
Characteristic 
modes 
Resonant 
Frequency 
[MHz] 
Bandwidth 
[MHz] 
𝜕𝜆 
Quality 
Factor 
1 126 6.8 0.17 3.15 
2 872 5.8 0.07 10.12 
3 872 6.2 0.07 10.24 
7 285 25.6 0.21 2.38 
9 841 18.8 0.05 2.47 
 
The simulation results show that two modes of open cylinder with d = 0.1 m and L = 1 m are 
effective to be excited, i.e., modes 1 and 7 with the resonant frequency of 126 MHz and 285 
MHz, respectively. The excitation of mode 1 can be conducted by one inductive coupler at the 
centre of cylinder, while mode 7 can be excited by using two inductive coupler at the maximum 
current position having different phase of 180°. Due to the orthogonality of characteristic 
fields, these two modes can be excited together for multiband transmission purposes.  
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Chapter 4 
EXCITATION OF MODES 
 
 
In this master thesis, the excitation of two modes of conducting cylinder is investigated. These 
two modes, 1 and 7, are obtained using the theory of characteristic modes discussed in the 
previous sections. The excitation can be conducted by using inductive coupling elements (ICE). 
Based on the investigations in [9], ICEs are realized by mounting the small rectangular loops at 
the edges of rectangular PCB, where the maximum of characteristic current distributions take 
place. ICEs excite the current distributions on the arms of the loop. Also, the same currents are 
flowing on the wider track. 
 
 
4.1 Inductive Coupling Excitation 
 
By using the same approach as in [9] and [10], in this master thesis ICEs are realized by 
mounting the slots at conducting cylinder, where the current distributions are maximum. The 
slots excite the current distributions on the surface of conducting cylinder. The strongest 
currents occur in the inner edge of the slots and spread further to the whole cylinder’s surface.  
 
Excitation of the conducting cylinder having slots is performed by using CST simulator [5]. For 
simulation purposes, the PEC cylinder with the length of 1 m and the diameter of 0.1 m are 
designed. Two different modes are excited on the cylinder. Mode 1 works at resonant 
frequency 126 MHz and the current distribution of this mode represent a half wavelength of 
dipole with the maximum currents are at the centre of cylinder. Excitation of mode 1 is realized 
by exciting two slots in phase. Mode 7 works at resonant frequency 285 MHz and the current 
distribution of this mode represent one wavelength of dipole with the two specific maximum 
current at the surface of cylinder. Excitation of mode 7 is conducted by exciting two of four 
slots in phase and the other two are 180° out of phase. 
 
 
4.2 Excitation Using H-Shaped Slots 
 
Shape and dimension of slots are designed with respect to obtain the high real part impedance 
of cylinder. In the simulation, cylinder with some shape of cutting of slots are calculated, e.g. 
common rectangular slot, multi-arms folded slot, and one pair folded slot (H-shaped slot). 
Based on the results, H-shaped slot has higher impedance with smaller size than other shapes. 
The rectangular slot requires a big size to obtain higher impedance. On the other hand, multi-
arms folded slot requires some of vertical arms to obtain better impedance which is not 
compact from mechanical point of view. Therefore, H-shaped slot is a preferable coupler design 
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viewed from impedance value and compactness. The different shape of slots and their 
impedance are shown in Table 4. 
 
 
Table 4. Models of slot and their impedance  
 
Models of Slot Self impedance of Cylinder 
 
 
 
Rectangular Slot 
 
 
Zin = 2.38 + j75.32 Ω 
 
 
 
Multi-arms Folded Slot 
 
 
Zin = 2.29 + j56.03 Ω 
 
 
 
H-Shaped Slot 
 
 
Zin = 2.69 + j44.36 Ω 
  
 
The shape and dimension of slots are determined by tuning their length and width to improve 
the cylinder impedance. An H-shaped slot is introduced here in order to obtain the high real 
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part of cylinder impedance with as smallest slot as possible. The higher cylinder impedance 
easier to be matched to 50 Ω. Smaller size of slot is prefer due to aerodynamics of rocket 
purposes and compactness for mechanical process. It can be seen from Fig. 3, H-shaped slot 
has length and width of the vertical arms, Lv = 100 mm and Wv = 23 mm, length and width of 
the horizontal arms, Lh = 72 mm and Wh = 4 mm, and La = 48 mm. The longer either Lv or Lh, 
the higher the impedance is. The wider Wv, the higher the impedance as well. Contrarily with 
the Wh, more narrow the width, the higher the impedance is achieved, so that Wh is designed 
with very narrow size. Despite of considering the cylinder impedance, design of slot also 
respects to the current distribution of each mode. From TCM simulation, current distribution 
of each mode is flowing along the length of cylinder. For more details, the surface current of 
designed slot is discussed in the simulation results section.   
  
 
 
 
Fig. 3. Dimension of H-Shaped Slot.  
 
 
Structure of cylinder with H-slots cutting are designed in CST software for simulation purpose. 
Mode 1 is excited using two H-shaped slots which are mounted at the middle of cylinder in 
opposite sides. While mode 7 is excited using two opposite H-shaped slots at the upper part 
and two opposite H-shaped slots in the lower part of cylinder. In the simulation, it is shown 
that the different phase between two pairs of slots are performed by creating port in 180° 
different direction. The structure cylinder in modes 1 and 7 are depicted in Figs. 4a and 4b, 
respectively. By using this H-shaped slot for excitation, modes 1 and 7 have each port 
impedance of Zant,mode1 = 2.69 + j44.36 Ω and Zant,mode2 = 17.39 + j129.22 Ω, respectively. 
 
Lv 
La 
Lh 
Wh 
Wv 
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(a) Mode 1 (b) Mode 7 
 
Fig. 4. Mounting H-Shaped Slot on Cylinder.  
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Chapter 5 
SIMULATION RESULTS 
 
 
The proposed cylinder with excitation using slots are simulated and optimized by using CST 
software. Simulation result shows that, the impedance of each cylinder ports for modes 1 and 
7 given on smith chart is depicted in Figs. 5a and 5b, respectively. Both of impedance showing 
the inductive character that have low real parts and high imaginary parts. 
 
(a) Mode 1 
 
 
b) Mode 7 
Fig. 5. Impedance of cylinder ports. 
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5.1 Surface Currents  
 
The currents flowing on the surface of cylinder are simulated in CST software by considering 
the phase between ports. To excite the currents of mode 1, the ports 1 and 2 should be 
powered in the same phase. The other different way is conducted to excite the currents of 
mode 7, that the ports 3 and 4 should be powered in the same phase and have to be out off 
phase 180° toward ports 5 and 6. 
 
It is shown in Fig. 6 that the strongest currents occur in the inner edge of the H-shaped slots 
are achieved and spread into wider track on cylinder surface. The surface currents of mode 1 
flows in one direction on cylinder as shown in Fig. 7a. Furthermore, the surface currents of 
mode 7 flows in different direction between two slot pairs on cylinder as shown in Fig. 7b. 
These two modes have similar current distributions with the characteristic currents obtained 
from the TCM simulation as shown in Fig. 1 which have been discussed in the previous section.  
 
 
 
Fig. 6. Distribution current along the H-shaped slot. 
 
        
(a) Mode 1 (b) Mode 7 
 
Fig. 7. Surface currents from simulation results. 
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5.2 Radiation Patterns 
 
This master thesis also aims to obtain the desired radiation pattern of the cylinder. The 
mounting of the slots on cylinder determine its radiation pattern. Radiation pattern of each 
mode is achieved by conducting the simultaneous excitation. The simulation of mode 1 is 
performed by exciting two ports simultaneously which generates radiation pattern of 
omnidirectional as shown in Fig. 8a. The simulation of mode 7 is conducted by exciting two 
pairs of port simultaneously, with the different phase 180° between each pair of port. This 
mode 7 generates more directive radiation pattern that can be seen in Fig. 8b. They have similar 
results with characteristic field obtained from the TCM simulation in Fig. 1 above. 
 
  
(a) Mode 1 (b) Mode 7 
 
Fig. 8. Radiation Pattern of cylinder. 
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Chapter 6 
FEEDING SYSTEM OF SLOTS 
 
The cylinder with slots are designed and simulated in the CST software. After that, feeding the 
slots is performed by firstly simulating it in the CST software before manufacturing. In designing 
the feeding of slots, the suitable matching networks are needed to be taken into account. By 
adding the lumped elements such as capacitors or inductors, can modify the impedance and 
bandwidth, without need further modification of structure [3]. Despite of reactive 
components, the cables that are used in the connection of matching networks can affect the 
input impedance as well. In this section, several possible feeding techniques are presented 
taking into account the cable length and suitable matching networks.  
 
 
6.1 L-Matching Network 
 
In practical, impedance matching of the cylinder ports to the input impedance has to be 
investigated. Simulation results show that, each cylinder ports in modes 1 and 7 have 
impedance of Zant,mode1 = 2.69 + j44.36 Ω and Zant,mode2 = 17.39 + j129.22 Ω, respectively. These 
impedances should be matched to 50 Ω in order to obtain S parameter << -10 dB. Before being 
implemented in the manufacturing, it will be better to calculate the matching networks for 
each mode in the simulation software. There is schematic tool in the CST simulation software 
which can be used to design the matching network interconnected to the antenna simulation 
result.   
 
Matching networks are designed by using the lumped elements. There are eight possible L-
matching networks that can be implemented. They are determined based on the application 
of the frequency use and antenna impedance. In the matching networks, several parameters 
such as input impedance, S parameter, and bandwidth can be investigated using design tools 
such as the smith chart. There are inductance part represent jX and conductance part represent 
– jX in the chart. Designer of matching network enables to make impedance matching by adding 
capacitors and inductors in series and shunt combination. Fig. 9 depicts the component 
motions on the ZY chart [11]. Adding a capacitor to the network makes the direction of 
movement toward the lower part that eliminates the inductive reactance. Otherwise, an 
inductor that connected to the network makes the movement toward the higher part that can 
eliminate the capacitive reactance [11]. 
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Fig. 9. Movement of adding reactive components on smith chart. 
 
 
In the implementation, the different modes utilize the different L-matching network. It 
depends on cylinder impedance that requires to be matched. In the case of modes 1 and 7, 
their each ports having inductive character impedance that require to be excited. In order to 
match each of the cylinder impedance to 50 Ω, there are four possible L-matching networks 
that can be implemented either for mode 1 or mode 7. Those L-matching networks are 
constructed of capacitors in shunt-series, capacitors in series-shunt, capacitor series-inductor 
shunt, and capacitor shunt-inductor series as shown in Fig. 10. 
 
  
  
(a) Capacitors in shunt-series (b) Capacitors in series-shunt 
  
(c) Capacitor series-inductor shunt (d) Capacitor shunt-inductor series 
Fig. 10. Four possible matching network for modes 1 and 7. 
 
 
 
 
 
 
 
 
Shunt L Series L 
Shunt C Series C 
ZL ZL 
ZL ZL 
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6.2 Cable Impedance 
 
When designing the L-matching networks, the parameter of cables that connect the cylinder 
to the matching networks or from the matching networks to the port should be taken into the 
calculation. Coaxial cable can be acted as transformer since this length can change the load 
impedance value. Thus, the impedance between input and output of cable will be different. It 
has been discussed in [12], input impedance of the cable is influenced by some parameters that 
given as: 
 
𝑍𝐼𝑁 = 𝑍0
𝑍𝐿 + 𝑗𝑍0 tan 𝛽𝐿
𝑍0 + 𝑗𝑍𝐿 tan 𝛽𝐿
 (7) 
 
Where 𝛽 = 2𝜋/𝜆𝑔 = 2𝜋√𝜖𝑟/𝜆0 = 2𝜋𝑓√𝜖𝑟/𝑐 , L is cable length, 𝑍0  is characteristic 
impedance, and 𝑍𝐿  is load impedance. 𝜖𝑟  denotes relative dielectric constant of the cable 
which has value 2.3 for RG58 coaxial cable type. When these parameters are modified, the 
input impedance of cable changes. Therefore, these cable parameters should be added into 
the calculation of matching networks in CST software using transmission line block.  
 
In the transmission line, the ratio between the reflected and the incident wave is defined as 
the reflection coefficient. From the known input impedance, the reflection coefficient of 
cylinder feed can be determined by [13]: 
 
𝛤 =
𝑍𝐼𝑁 − 𝑍0
𝑍𝐼𝑁 + 𝑍0
 (8) 
  
When 𝛤  is converted to dB, so called the S-parameter or return loss. Return loss in the 
matching networks denominates the power loss of the source over the load. It can be 
expressed in [13]: 
 
𝑅𝐿(𝑑𝐵) = −20𝑙𝑜𝑔(|𝛤|) (9) 
 
Furthermore, the relative bandwidth of cylinder is defined as the range frequencies within 
which the cylinder characteristic, such as input impedance and S-parameter, are in the 
acceptable value [14]. The relative bandwidth is given as [15]: 
 
𝐵𝑊 =
𝑓2 − 𝑓1
√𝑓1𝑓2
 (10) 
 
Where 𝑓2 and 𝑓1 are the upper and lower frequency band for S-parameter of input cylinder 
below -10 dB, respectively. In addition, the quality factor of cylinder related to the bandwidth 
is given as [16]: 
 
𝑄 =
1
𝐵𝑊
 (11) 
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There are three schemes of implementation L-matching networks using cables. These schemes 
are designed by respecting the influence of the cable length towards the input impedance 
matching and desired relative bandwidth. Each scheme of matching network provides different 
results. These schemes use the concept of power divider, which power from the source is 
devided into two ports and four ports of cylinder in the case of modes 1 and 7, respectively. 
Further research related to this concept can be found regarding to the theory of Wilkinson 
power divider or N-way power divider in [17] and [18]. 
 
The first configuration is performed by connecting each cylinder port to its own matching 
circuit, then they are connected together to the feeding port using each cable with the same 
length. This configuration can be performed for mode 1 using four possible L-matching 
networks as shown in Fig. 11. The cable length is not become problem since with cable length 
200 mm or longer, two capacitors L-matching networks can be used with value C1 = 16 pF  in 
shunt and C2 = 12 pF in series.  
 
 
(a) Capacitors in shunt-series 
 
(b) Capacitors in series-shunt 
 
(c) Capacitor series-inductor shunt 
 
d) Capacitor shunt-inductor series 
Fig. 11. First configuration of matching networks for mode 1.  
 
 
Similar with mode 1, the first configuration can be realized for mode 7 using four possible L-
matching networks as shown in Fig. 12. The cable length of 350 mm used in this mode is 
sufficient to be implemented in the manufacturing. Nevertheless, there are not many length of 
cable can be used for mode 7, the only cables with the length of 350 mm, 700 mm, and multiple 
of 𝜆𝑔/2 can be used for all possible matching networks. For the frequency of 285MHz yields, 
𝜆𝑔
2
=
𝜆0
2𝑥√2.3
=
1.052
2𝑥√2.3
= 346.80 mm ≈ 350 mm . When 𝜆𝑔/2  of cable is used, the input 
impedance on smith chart will return to the initial position, while other cable lengths can 
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modify the input impedance. It means that the different cable lengths provide different effects 
to the impedance matching requiring other schemes of the matching networks. 
 
 
(a) Capacitors in shunt-series 
 
(b) Capacitors in series-shunt 
 
(c) Capacitor series-inductor shunt 
 
d) Capacitor shunt-inductor series 
Fig. 12. First configuration of matching networks for mode 7. 
 
 
Furthermore, the calculation results of the first configuration for given cable length and the 
capacitor value to get the desired S parameter can be seen from Table 5. For the excitation 
mode 1 using L-matching network with two capacitors in shunt-series, the cylinder has a good 
S-parameter -30.15 dB for frequency 126 MHz with frequency band for S11 < -10 dB of 122.02 
– 130.71 MHz. Whereas for the excitation mode 7, cylinder has S-parameter -45.07 dB and the 
frequency band 265.84 – 300.08 MHz. The quality factor of cylinder either in mode 1 or mode 
7 has high value that indicates the narrow bandwidth of both modes. In the TCM simulation, 
the cylinder has broadband bandwidth potential. However, in practical, the cylinder should be 
matched to the impedance 50 Ω and hence the structure of matching network can affect the 
bandwidth of cylinder.  
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Table 5. Calculation value for excitation modes in the first configuration. 
 
Mode 
Cable 
Length 
[mm] 
C1 
[pF] 
C2 
[pF] 
C 
[pF] 
L 
[nH] 
Input 
Impedance 
[Ω] 
S-
Parameter 
[dB] 
Frequency Band 
[MHz] 
BW Q 
1-a 200 16 12   51.36 + j2.73 -30.15 122.02 – 130.71 0,07 14,53 
 300 15 12   47.26 - j5.86 -23.87 121.47 – 129.31 0,06 15,99 
1-b 200 37 54   51.27 + j2.68 -31.85 122.27 – 130.69 0,07 15,01 
 300 33 72   47.35 – j0.45 -32.67 121.66 – 130.11 0,07 14,89 
1-c 200   19 18 48.73 + j4.37 -25.86 123.22 – 129.16 0,05 21,24 
 300   20 15 50.45 – j3.53 -29.67 122.93 – 130.41 0,06 16,93 
1-d 200   33 215 48.42 – j1.64 -31.84 122.99 – 129.00 0,05 20,96 
 300   35 165 50.44 + j0.25 -33.35 123.12 – 128.73 0,04 22,44 
7-a 350 2.4 4.5   50.51 + j0.00 -45.07 265.84 – 300.08 0,12 8,25 
 700 2.3 5.2   49.72 + j0.18 -42.33 276.01 – 293.19 0,06 16,56 
7-b 350 20 4   51.32 – j0.34 -37.26 267.46 – 297.53 0,11 9,38 
 700 18 3.7   49.04 + j0.71 -36.85 276.56 – 292.24 0,06 18,13 
7-c 350   2.6 68 52.26 + j 0.35 -32.60 275.58 – 295.18 0,07 14,55 
 700   2.6 64 52.36 – j0.02 -31.77 279.15 – 291.33 0,04 23,41 
7-d 350   5 90 52.02 – j1.47 -32.11 270.90 – 296.65 0,09 11,01 
 700   5 100 53.06 – j3.24 -27.22 277.32 – 291.75 0,05 19,71 
 
 
In the second configuration, each cylinder port is connected to its matching network by cable 
with the same length. This order is implemented for modes 1 and 7 as shown in Figs. 13a and 
13b, respectively. 
   
 
(a) mode 1 
 
(b) mode 7 
Fig. 13. Second configuration of matching networks. 
 
The second configuration is trivial to be implemented in the manufacturing. However, there is 
one point must be considered. If two capacitors want to be used in L-matching network in 
series-shunt, the length of each cable that can be used should be not longer than 150 mm and 
350 mm for mode 1 and mode 7, respectively. It can be occurred since the load impedance 
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moves to the inside of 1+jX circle, in which two capacitors L-matching networks can not be used 
to match this load impedance. In the manufacturing, these lengths are sufficient that respect 
to the diameter of cylinder. It should be noted that longer length of cables are possible to be 
utilized only for multiple of 𝜆𝑔/2, however it can reduce the bandwidth. Furthermore, the 
calculation between the capacitor values and the input impedance toward the cable length are 
shown in the Table 6. Due to its limitation, this configuration is not further discussed. 
 
Table 6. Calculation value for excitation modes in the second configuration  
 
Mode 
Cable 
Length 
[mm] 
C1  
[pF] 
C2  
[pF] 
Input 
Impedance 
[Ω] 
S-
parameter 
[dB] 
Frequency Band 
[MHz] 
BW Q 
1 150 12 16 50.99 + j0.12 -32.86 122.56 – 129.48 0,05 18,20 
 850 44 75 48.61 + j2.34 -31.03 125.15 – 127.11 0,02 64,35 
7 350 68 15 50.79 + j2.18 -32.41 276.07 – 292.93 0,06 16,87 
 700 14 55 49.77 – j1.09 -40.32 280.48 – 289.23 0,03 32,55 
  
 
Any of the required longer cable design in the manufacturing can utilize the third configuration. 
This scheme is depicted in Fig. 14. By using this configuration, the designer can apply any longer 
cable after the two capacitors L-matching circuit (i.e., second cable) with still consider the 
multiple of 𝜆𝑔/2 cable length of mode 7. It can be seen from Table 7 that in this configuration, 
the use of any longer cable does not reduce the relative bandwidth of cylinder. Therefore, the 
third configuration can be implemented in the manufacturing. 
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(a) Mode 1 
   
(b) Mode 7 
 
Fig. 14. Third configuration of matching networks.  
 
 
Table 7. Calculation value for excitation modes in the third configuration  
 
Mode 
1st 
Cable 
[mm] 
2nd 
Cable 
[mm] 
C1  
[pF] 
C2  
[pF] 
Input 
Impedance  
[Ω] 
S-
parameter 
[dB] 
Frequency Band 
[MHz] 
BW Q 
1 100 500 12 53 47.73 – j0.47 -31.67 122.11 – 130.15 0,06 15,68 
 100 700 14 36 45.68 – j2.37 -25.39 123.19 – 129.07 0,05 21,44 
7 350 700 33 7 50.32 + j2.47 -32.1 278.95 – 290.77 0,04 24,09 
 350 1000 25 11 47.48 – j0.1 -31.11 278.37 – 290.28 0,04 23,87 
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Chapter 7 
MANUFACTURING OF PROPOSED DESIGN 
AND MEASUREMENT 
 
 
The proposed design of cylinder having slots has been simulated and investigated. After that, 
the cylinder is fabricated and then the input impedance of this cylinder is measured in order to 
validate the simulation results. The manufacturing of cylinder is conducted for the first mode 
of cylinder as shown in Fig. 4a above.     
 
 
7.1 Fabricated Cylinder 
 
The fabricated cylinder is constructed from pipe made from steel with diameter 100 mm and 
length 1 m. The manufacturing process is including the cutting of slots and the soldering of 
capacitors and coaxial cable on the pipe. Process of cutting the slots is done manually by hand 
using cutting equipment. Even though fabricated by hand-made manufacturing, the slots have 
as precisely shape and dimension as from the simulation that can be seen from Fig. 15. 
 
  
  
Fig. 15. Fabricated cylinder. 
 
After cutting the slots, the next process is to implement the matching circuit into the pipe. This 
matching network follows the design in Fig. 11a above. It is constructed by soldering capacitors 
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15 pF in parallel and capacitors 12 pF in series with coaxial cable RG58C/U on the edge slots of 
pipe. The two matching networks from each slot are connected together by using coaxial cable 
to one sma connector. The detailed view of real configuration is shown in Fig. 16. 
 
  
Fig. 16. Soldering of capacitors and coaxial cables. 
 
 
7.2 Measurement of Fabricated Cylinder 
 
After manufacturing process, the S-parameter and impedance of constructed cylinder are 
measured in the anechoic chamber as shown in Fig. 17. The measurement results show that 
fabricated cylinder has good S11 of -20.11 dB for frequency 126 MHz with the frequency band 
of 121 MHz – 130.2 MHz. These results have very good agreement compared to the simulation, 
despite the value of S11 in simulation is -30,15 dB for the same frequency. Beside that, there 
is a very small peak appeared on the higher frequency in the measurement result, while do not 
appear in the simulation. It can be caused by the fact that the fabricated cylinder is not able as 
perfect as the simulation model, such as the soldering of capacitors and cable that need some 
wires. Note that the capacitors 15 pF soldered on the pipe have 1 pF less than in the simulation, 
i.e., 16 pF. However, the capacitors have tolerance of 5%, therefore the value of capacitors can 
be higher or lower. Fig. 18 shows the comparison of S-parameter values between simulation 
and measurement results. Input impedance of cylinder from the measurement is 55.44 – j8.92 
Ω, while from the simulation is 51.36 + j2.73 Ω. The Q factor of cylinder from measurement is 
13.64 that show the bandwidth of fabricated cylinder is little bit wider than the simulation with 
the Q factor of 14.53. 
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Fig.17. Measurement of fabricated cylinder in the anechoic chamber. 
 
 
Fig. 18. S-Parameter results between simulation and measurement. 
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Chapter 8 
CONCLUSION 
 
This master thesis deals with the investigation of the excitation of the rocket chassis as an 
effective radiator. The theory of characteristic mode (TCM) is used to find the resonance modes 
of the cylinder of rocket. For the simulation purpose, the model of rocket of conducting cylinder 
is designed using FEKO software. The simulation results show that the cylinder of rocket 
behaves like a dipole. The cylinder have similar characteristic currents to a dipole. However, its 
lower resonant frequency represents a thicker dipole. Since the modes have characteristic 
currents with minimum and maximum at the specific location, the effective way to excite the 
modes is by utilizing the inductive coupler elements that are mounted at the maximum 
currents. 
Furthermore, the excitation of the conducting cylinder having slots is performed by using CST 
software. For simulation purposes, the PEC cylinder with the length of 1 m and the diameter of 
0.1 m are designed. There are two selected modes that are excited on the cylinder by utilizing 
the H-shaped slots. Note that the designed H-shaped slot can obtain the higher real part 
impedance compared to other shapes. Then, the excitation of mode 1 is performed by exciting 
two slots in phase, while the excitation of mode 7 is conducted by exciting two of four slots in 
phase and the other two are 180° out of phase. From the simulation results, the cylinder has a 
similar results of surface currents and radiation pattern compared to the TCM simulation 
results. All of this show that the excitation cylinder using mounted H-shaped slots to achieve 
the desired modes is proven. 
After the cylinder with slots are designed and simulated in the CST software, the design of the 
feeding system of the slots is performed by firstly simulating it in the CST software before the 
manufacturing. In designing the feeding of slots, the suitable matching networks and coaxial 
cable parameters are required to be taken into account in order to match the cylinder 
impedance to 50 Ω. The configuration of matching network and coaxial cable can affect the 
bandwidth. There are four possible L-matching networks that can be implemented to both 
modes for the given load impedance. Furthermore, there are three schemes of implementation 
the feeding slots by considering these L-matching networks and cable length. They are 
determined based on the application of the resonant frequency and the obtained input 
impedance of cylinder. In the matching networks, several parameters such as the input 
impedance, S-parameter, and bandwidth are investigated and optimized by using the design 
tools of smith chart in CST software. In addition, the quality factor of cylinder either in mode 1 
or mode 7 has high value that indicate the narrow bandwidth of both modes. Even though the 
cylinder has broadband bandwidth potential in the TCM simulation, however in practical the 
cylinder should be matched to the input impedance. Hence, the implementation of matching 
networks limits the bandwidth very much.  
 
The proposed design of the cylinder having slots is fabricated. Then, the input impedance of 
this cylinder is measured in the anechoic chamber. The manufacturing of cylinder is conducted 
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only for mode 1. It is shown that the measurement results of the fabricated cylinder have 
excellent agreement conforming to the simulation results. Actually, it is possible to excite mode 
7 as well based on the simulation results. However, it faces complicated process of cutting the 
slots, thus the manufacturing of cylinder using mode 7 is not conducted. Nevertheless, the 
fabricated cylinder using mode 1 is sufficient to show that the excitation of conducting cylinder 
is working very well. 
 
For further research, it is interesting to investigate how the different dimension of cylinders 
perform the different modes and evaluate the excitation modes for higher frequency. Also, the 
implementation of better design of matching networks to obtain the wider bandwidth can be 
examined in the future works.  
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APPENDIX 
 
 
 
Ap. 1 Variation of the characteristic angle with frequency, for the first ten characteristic modes of the closed 
cylinder with diameter 0.1 m and length 1 m. 
 
 
  
(a) Current distribution of mode 1. (b) Electric fields of mode 1. 
Ap. 2 Characteristic mode 1 of the closed cylinder with diameter 0.1 m and length 1 m, resonant frequency 
123 MHz. 
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(a) Current distribution of mode 7. (b) Electric fields of mode 7. 
Ap. 3 Characteristic mode 7 of the closed cylinder with diameter 0.1 m and length 1 m, resonant frequency 
277 MHz. 
 
 
 
  
(a) Current distribution of mode 2. (b) Electric fields of mode 2. 
Ap. 4 Characteristic mode 2 of the open cylinder with diameter 0.1 m and length 1 m, resonant frequency 872 
MHz. 
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(a) Current distribution of mode 3. (b) Electric fields of mode 3. 
Ap. 5 Characteristic mode 3 of the open cylinder with diameter 0.1 m and length 1 m, resonant frequency 872 
MHz. 
 
 
  
(a) Current distribution of mode 9. (b) Electric fields of mode 9. 
Ap. 6 Characteristic mode 9 of the open cylinder with diameter 0.1 m and length 1 m, resonant frequency 841 
MHz. 
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Ap. 7 Variation of the characteristic angle with frequency, for the first ten characteristic modes of the open 
cylinder with diameter 0.2 m and length 1 m. 
 
 
  
(a) Current distribution of mode 1. (b) Electric fields of mode 1. 
Ap. 8 Characteristic mode 1 of the open cylinder with diameter 0.2 m and length 1 m, resonant frequency 134 
MHz. 
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(a) Current distribution of mode 2. (b) Electric fields of mode 2. 
Ap. 9 Characteristic mode 2 of the open cylinder with diameter 0.2 m and length 1 m, resonant frequency 414 
MHz. 
 
 
  
(a) Current distribution of mode 3. (b) Electric fields of mode 3. 
Ap. 10 Characteristic mode 3 of the open cylinder with diameter 0.2 m and length 1 m, resonant frequency 
414 MHz. 
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(a) Current distribution of mode 8. (b) Electric fields of mode 8. 
Ap. 11 Characteristic mode 8 of the open cylinder with diameter 0.2 m and length 1 m, resonant frequency 
448 MHz. 
 
 
 
  
(a) Current distribution of mode 9. (b) Electric fields of mode 9. 
Ap. 12 Characteristic mode 9 of the open cylinder with diameter 0.2 m and length 1 m, resonant frequency 
449 MHz. 
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Ap. 13 Variation of the characteristic angle with frequency, for the first ten characteristic modes of the open 
cylinder with diameter 0.3 m and length 1 m. 
 
 
  
(a) Current distribution of mode 2. (b) Electric fields of mode 2. 
Ap. 14 Characteristic mode 2 of the open cylinder with diameter 0.3 m and length 1 m, resonant frequency 
287 MHz. 
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(a) Current distribution of mode 3. (b) Electric fields of mode 3. 
Ap. 15 Characteristic mode 3 of the open cylinder with diameter 0.3 m and length 1 m, resonant frequency 
287 MHz. 
 
 
  
(a) Current distribution of mode 7. (b) Electric fields of mode 7. 
Ap. 16 Characteristic mode 7 of the open cylinder with diameter 0.3 m and length 1 m, resonant frequency 
321 MHz. 
 
 
 
 
38 
 
  
(a) Current distribution of mode 8. (b) Electric fields of mode 8. 
Ap. 17 Characteristic mode 8 of the open cylinder with diameter 0.3 m and length 1 m, resonant frequency 
321 MHz. 
 
 
 
 
 
 
 
